Animal by-product meals from the rendering industry could provide a sustainable and commercially viable alternative to fishmeal (FM) in aquaculture, as they are rich in most essential amino acids and contain important amounts of water-soluble proteins that improve feed digestibility and palatability. Among them, poultry by-product meal (PBM) have given encouraging results in rainbow trout (Oncorhynchus mykiss). However, the introduction of new ingredients in the diet needs to be carefully evaluated since diet is one of the main factors affecting the gut microbiota, which is a complex community that contributes to host metabolism, nutrition, growth, and disease resistance. Accordingly, we investigated the effects of partial replacement of dietary FM with a mix of animal by-product meals and plant proteins on intestinal microbiota composition of rainbow trout in relation to growth and feeding efficiency parameters. We used 1540 trout with an initial mean body weight of 94.6 ± 14.2 g. Fish were fed for 12 weeks with 7 different feed formulations. The growth data showed that trout fed on diets rich in animal by-product meals grew as well as fish fed on control diet, which was rich in FM (37.3%) and PBM-free. High-throughput 16S rRNA gene amplicon sequencing (MiSeq platform, Illumina) was utilised to study the gut microbial community profile. After discarding Cyanobacteria (class Chloroplast) and mitochondria reads a total of 2,701,274 of reads taxonomically classified, corresponding to a mean of 96,474 ± 68,056 reads per sample, were obtained. Five thousand three hundred ninety-nine operational taxonomic units (OTUs) were identified, which predominantly mapped to the phyla of Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria. The ratio between vegetable and animal proteins proved to play a central role in determining microbiome profiles and Firmicutes and Proteobacteria phyla were particularly discriminatory for diet type in trout. Plant ingredients favoured a higher Firmicutes:Proteobacteria ratio than animal proteins. Acceptable abundance of Firmicutes was guaranteed by including at least 25% of vegetable Data Availability Statement: All relevant data are within the paper.
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Introduction
In aquaculture, feed accounts for over 50 percent of the production cost. This high cost is in large part due to the use of expensive ingredients such as fishmeal (FM) and fish oil (FO). Shepherd and Jackson (2013) [1] gave a detailed picture on the global volumes of production and consumption of FM and FO for the period 2001-2011, based on IFFO and Oil World data. The nutritive value of fish feed depends on the quality of the proteins used. For this, FM is a preferred ingredient, in particular for carnivorous species, such as salmonids. However, limited availability and high price of FM have driven the aquafeed industry to look for alternative protein sources in order to satisfy the demand of the continuously growing aquaculture sector [2, 3] .
Rational use of limited marine protein sources and development of nutritionally adequate feed formulations based on more readily available and economical alternative protein ingredients, are thus required [4] [5] [6] . In the last few years, significant advances have been made in this direction; currently, some commercial fish feeds can contain even less than 10% of FM. The most commonly used alternatives to expensive FM are of plant origin, such as oilseed meals (soybean, canola, and sunflower), grains (wheat and corn), and legumes (lupine, bean, and peas) [7] . Nevertheless, several nutritional issues are associated with the utilization of plant ingredients, due to their unbalanced amino acid profile and to the presence of anti-nutritional factors (ANFs) [8] [9] [10] [11] . In plant feedstuffs, ANFs include indigestible components such as fibers, phosphorous-rich phytic acid, saponins, and protease inhibitors [10] that may reduce fish feed intake, growth, nutrient digestibility and utilization, and alter disease resistance, thus leading to poor fish growth [8, [12] [13] [14] . Therefore, it is crucial to find appropriate protein sources alternative to FM for aquafeed production. In this regard, some recent studies have shown that animal by-product meals, arising from the rendering industry, could be suitable for use as dietary FM replacers [15] [16] [17] [18] . Unlike plant proteins, animal proteins are rich in most essential amino acids and contain important amounts of water-soluble proteins, which, besides being highly digestible, also improve feed palatability [16, 17, 19, 20] . In recent years, after previous bans following the outbreak of the transmissible spongiform encephalopathy [21] , the European Union has re-authorized the use of non-ruminant animal by-product meal (meat meal, blood meal, poultry by-product meals, and hydrolyzed feather meal) in aquafeeds. Since June 2013, it is thus possible to partially replace FM with different blends of non-ruminant animal proteins. Of these, one of the most promising and attractive options for fish feed formulations is poultry by-product meal (PBM), which consists of rendered clean parts of the poultry carcass such as neck, head, feet, undeveloped eggs, gizzard, and intestine [22] . PBM is generally a palatable, high-quality protein source due to its proper balance of essential amino acids, fatty acids, vitamins, and minerals [17, 23] .
The use of PBM in several fish species such as grass carp (Ctenopharyngodon idellus), turbot (Scophthalmus maximus), Nile tilapia (Oreochromis niloticus), and rainbow trout (Onchorynchus mykiss) has had positive effects on feed palatability, fish survival rate, growth performances, and protein retention [16, 17, 20, [24] [25] [26] [27] .
However, the introduction of new ingredients in the diet needs to be carefully evaluated since diet is one of the main factors putting selective pressure on the gastrointestinal microbial composition in vertebrates, including fish [28] . Several studies in humans and mammals have undoubtedly correlated gut microbial communities with host physiology, nutrition, and growth [29] [30] [31] . Like in mammals, the intestinal microbiota of fish has important functions in host metabolism, mucosal development and maturation, nutrition, immunity, and disease resistance [32] [33] [34] [35] . Fish gut microbiota is responsible for the synthesis of vitamins, digestive enzymes, and metabolites such as short-chain (volatile) fatty acids that represent the main energy source for intestinal epithelial cells [28, [35] [36] [37] [38] . Furthermore, fish intestine harbors a wide range of bacteria, mainly lactic acid bacteria, that can inhibit bacterial pathogens by secreting antimicrobial compounds such as lactic and acetic acids [28, 39] . On the other hand, an imbalanced microbiota could negatively affect fish nutrition and growth and lead to an alteration of gut immune functions contributing thus to the development of diseases. Therefore, a better understanding of gut/microbe interactions and gut microbial diversity in fish could be highly relevant for aquaculture practice.
Fish microbiota has traditionally been studied by culture methods and subsequent identification based on biochemical and phenotypic characteristics of bacteria. However, culturedependent techniques give a limited picture of intestinal microbiota because only a low fraction, down to about 1% of the bacteria from fish intestine can be cultivated. Therefore, in the last few years, several culture-independent molecular techniques have been developed and applied to studies of fish gut microbiota [35] . The most powerful approach to study the composition of complex intestinal microbial communities is represented by Next-generation Sequencing (NGS) technology [37, 40] . Metagenomic profiling by high-throughput sequencing of 16S rRNA or cpn60 gene, was applied in some recent studies to investigate the impact of dietary plant ingredients on fish gut microbiota composition [38, [41] [42] [43] [44] . In rainbow trout, for example, a diet containing proteins from terrestrial plants such as pea and soy generally led to a higher Firmicutes:Proteobacteria ratio than a FM-based diet [44] . Conversely, replacing FM with a mixture of plant meals in the diet of sea bream (Sparus aurata) had a negative effect on the relative abundance of Firmicutes phylum throughout the gut, in particular, on lactic acid bacteria belonging to genera Streptococcus and Lactobacillus [42] . Whereas several studies have thoroughly investigated the effects of plant-based diets on fish gut microbiota composition, only a limited number of researches have been focused on the effects of FM replacement with animal by-product meals [45] .
Accordingly, the present study aimed to investigate, for the first time, the effect of replacement of FM with seven different blends of terrestrial animal and plant proteins on intestinal microbiota of rainbow trout, trying to correlate any changes in microbial communities' profile to the performance outcomes of fish. The Illumina MiSeq platform for high-throughput sequencing of 16S rRNA gene was utilized to analyze and characterize the whole gut microbiome of trout fed with five different experimental formulations and two commercial feeds. Our assumption was that animal by-product meals could not negatively affect intestinal microbial profile of rainbow trout being thus a valid alternative to FM in feed formulation. Lgs.116/92). Fish handling was performed under tricaine methanesulfonate (MS222) anesthesia, and all efforts were made to minimize discomfort, stress, and pain to the fish.
Fish, rearing conditions, and diets
All procedures involving rainbow trout (O. mykiss) were conducted at the indoor experimental facility of Edmund Mach Foundation (F.E.M) (San Michele all'Adige, Trento, Italy).
We used 1540 trout (13 months old, all female) with an initial mean body weight of 94.6 ± 14.2 g and a total length of 21.4 ± 1.2 cm. Fish were randomly distributed into 14 fiberglass tanks of 3600 litres (110 fish/tank, at a rearing density of 2,89 kg/m 3 ) connected to a flowthrough fish rearing system. Experimental tanks were supplied with degassed ground water with an approximately constant temperature of 12.5 ± 0.3˚C and dissolved oxygen concentration at 9.1 ±0.6 mg/l (DO saturation over 85%). Fish were acclimatized for six days under natural photoperiod and fed to visual satiety with a standard commercial diet (VRM S.r.l, Naturalleva, Italy). After the acclimation period, fish were fed twice daily for 12 weeks with seven different extruded diets (4.5 mm diameter pellets) in duplicate (2 tanks/diet). Five diets (A-E) were formulated specifically for this study by Naturalleva (VRM S.r.l Italy), whereas diets F and G were commercial feeds manufactured by competitors. We have reported the proximate composition of all the diets in Table 1 and the formulation of the experimental diets (A-E) in Table 2 . In the first four experimental diets (A-D) (Tables 1 and 2) , FM was partially replaced by different mixtures of plant and animal by-product proteins, i.e. poultry by-product meal (PBM) and porcine blood meal. The latter ones derived from animals, which passed as fit for human consumption under veterinary supervision, before their slaughter. In particular, diets A and B had a discrete content of FM and high levels of animal by-product and plant proteins. Diets C and D had a higher percentage of animal by-product meals and a lower percentage of FM than the two previous diets, but the highest content of plant proteins. Diet E (control) contained only FM, porcine blood meal, and vegetable meal as protein sources (no PBM) (Tables 1 and 2 ). Diets F and G (commercial feeds manufactured by competitors) were instead characterized by the highest percentage of animal by-product meals, most of them deriving from PBM (Table 1) . The information provided in the labels of these two feeds are the followings. Diet F: PBM, FM, wheat, fish oil, vegetable oils (soybean, rapeseed), porcine blood meal, vegetable meal (dehulled soybean and sunflower), wheat meal, volatile blood meal, vitamin, mineral, and antioxidant premixes. Diet G: PBM, vegetable meal (wheat, dehulled soybean), hydrolysed feather meal, FM, rapeseed oil, fish oil, porcine blood meal, sunflower seed meal, soybean oil, guar germ meal, vital wheat gluten. vitamin, mineral, and antioxidant premixes. Fish feeding rates were restricted to 1.5% of biomass during the feeding trial. To calculate feed ratio, individual weight of 30 randomly chosen fish per tank (60 fish/diet) was assessed at 14, 42, and 70 days from the beginning of the trial, whereas all fish in the tank (220 fish/diet) were measured for their weight and body length at the beginning and the end of the experiment. Fish growth performance data were used as basis for the calculation of feed conversion ratio (FCR = dry feed intake/wet weight gain), condition factor [K = 100 (wet weight (g)/total length (cm) 3 ], and specific growth rate [SGR (%/day) = 100 x [ln (final body weight)-ln (initial body weight)]/days], for each dietary fish group.
Amino acid profile of diets
Total amino acid composition of each diet was determined by a Jasco HPLC system (JascoEurope S.r.l) consisting of a quaternary pump (Model PU-2089, Jasco) connected to a degasser, a programmable fluorescence detector (Model FP-4025, Jasco) (excitation 250 nm, emission 395 nm) and a temperature control module. The amount of sample used was 100 mg, which contained approximately 5 mg of crude protein that were hydrolyzed with 6 M HCl at 110-120˚C for 22-24 h. L-α-amino-n-butyric acid (Sigma Aldrich, Italy) was added as an internal standard before hydrolysis. Methionine (Met) and tryptophan (Trp) were determined separately. For Met quantification, performic acid oxidation followed by acid hydrolysis was used, whereas for Trp quantification, the procedure consisted of hydrolysis in 4.2 M NaOH at 100˚C for 4 h, followed by neutralization of hydrolysate, and dilution in ultrapure water. After borate buffer addition and filtration, amino acids were derivatized with AccQ-Fluor Reagent Kit (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate, Waters S.p.A., Italy) at 55˚C for 10 min and injected in HPLC. Amino acids separation was performed by using a C-18 reverse-phase column Waters Acc. Tag (150 mm × 3.9 mm) (Waters, Italy) and a Phenomenex pre-column filter according to Liu et al. [46] . Briefly, the column was heated at 37˚C for total amino acids and at 31˚C for sulphur containing amino acids (Met), and Trp. The flow rate was fixed at 0.8 ml/min, mobile phase A consisted of acetate-phosphate aqueous buffer, mobile phase B of acetonitrile 100% and phase C was ultrapure water. The amino acid composition of each experimental diet is reported in Table 3 .
Fatty acid profile of diets
The fatty acid composition of each diet is listed in Table 4 . Total lipids were extracted according to Folch et al. [47] by using dichloromethane instead of chloroform. Following lipid extraction, fatty acid methyl esters (FAME) were prepared by acid-catalyzed transmethylation of total lipids using boron trifluoride (BF 3 ) in methanol according to Santha and Ackman [48] and then analyzed by gas chromatography. The individual fatty acids were identified by comparing their retention times to that of standard FAME mixture (Supelco 37 Component FAME mix, Sigma Aldrich, Italy) and their relative proportions determined Gut microbiome characterization in trout fed animal by-product meals as an alternative to fishmeal
Sampling
At the end of the feeding trial, two fish from each tank (4 fish/diet) were caught and euthanized with an overdose (320 mg/L at 22˚C) of anesthetic (tricaine-methasulfonate MS-222, SigmaAldrich, Italy). External surface of each fish was wiped with 70% ethanol to avoid the contamination of gut content by the external body surface microflora during dissection. With the aid of sterile scissors and forceps, the entire intestine (excluding pyloric caeca) was exposed from the ventral side, and then aseptically removed from each individual fish. The faecal content was obtained by squeezing out and scrapping the intestinal mucosa with a sterile spatula, in order to collect the luminal and the mucosa-associated microbiota. The faecal samples were collected in sterile tubes, immediately frozen in dry ice and then stored at-80˚C until analysis.
DNA extraction
We extracted total bacterial genomic DNA from all the collected faecal samples and used it as template in the 16S rRNA gene PCR amplification. Briefly, 1g of faeces from each fish was shaken with 5 ml of ASL buffer provided in the QIAamp DNA Stool Mini Kit (Qiagen, Italy). Then, 2 ml of homogenate were transferred into a microcentrifuge tube with two 5-mm stainless steel beads and then shaken on a TissueLyser II (Qiagen, Italy) for 5 min at 20 Hz. A sample of 2 ml of ASL buffer was processed in parallel as a negative control to check that no external DNA contamination was introduced during the extraction procedure. Bacterial DNA was then extracted according to the manufacturer's instructions. DNA concentration was measured by both, NanoDrop™ 2000 Spectrophotometer (Thermo Scientific, Italy) and Tecan Microplate Reader using Quant-iT™ PicoGreen 1 dsDNA Assay Kit (Thermo Scientific, Italy).
The extracted DNA samples were then diluted to a concentration of 5 ng/μl.
Intestinal microbiome analysis
16S rRNA gene amplicon sequencing library preparation. The Illumina protocol "16S Metagenomic Sequencing Library Preparation" (#15044223 rev.B) was applied to prepare 16S ribosomal RNA gene amplicons for Illumina MiSeq system. The variable V3 and V4 regions of the 16S rRNA gene were amplified from bacterial DNA obtained from fish faecal samples. The PCR reactions were performed using the 16S amplicon PCR forward primer (5' CCTACGGGNGGCWGCAG 3') and reverse primer (5' GACTACHVGGTATCTAATCC 3'), which were selected by Klindworth et al. [49] as the most promising bacterial primer pair. Illumina adapter overhang nucleotide sequences were added at the 5' end of both primers. PCRs were carried out in 25-μl reactions containing 2.5 μl of microbial DNA (12.5 ng), 5 μl of each primer (1μM), and 12.5 μl of 2X KAPA Hifi HotStart Ready Mix (Kapa Biosystems Ltd, UK). A no template control, in which nuclease free water was added instead of bacterial DNA, and a negative control, with the extraction from the sample containing ASL buffer only, were included in this PCR. Reaction times and cycling conditions were 95˚C for 3 min, 25 cycles of 95˚C for 30 s, 55˚C for 30 s, 72˚C for 30 s, and 72˚C for 5 min. The resulting PCR products were run on an Agilent 2200 TapeStation (Agilent Technologies, Italy) to verify the size. The expected size of amplicons was about 550 bp. The PCR products were then purified from primers and primer dimers using Agencourt AMPure XP Kit (Beckman Coulter Genomics, Italy). Dual indices and Illumina sequencing adapters (P5 and P7) were then attached to the amplicons using Nextera XT Index Kit (Illumina, San Diego, CA) to produce the final libraries. The index PCRs were carried out in 50-μl reactions containing 5 μl of DNA, 5 μl of Nextera XT Index Primer 1, 5 μl of Nextera XT Index Primer 2, 25 μl of 2x KAPA Hifi HotStart Ready Mix (Kapa Biosystems Ltd, UK), and 10 μl of nuclease-free water. The PCR reaction conditions were the followings: 95˚C for 3 min, 8 cycles of 95˚C for 30 s, 55˚C for 30 s, 72˚C for 30 s, and 72˚C for 5 min. Before quantification, the libraries were cleaned up using AMPure XP beads (Beckman Coulter Genomics, Italy) and the size of amplicons was verified on Agilent 2200 TapeStation (Agilent Technologies, Italy Sequencing data analysis. The sequencing raw data were processed by the QIIME pipeline [50] using the "closed reference" out picking strategy. Raw reads quality has been checked using FastQC v0.11.2 [51], and R1 and R2 paired reads were joined using QIIME with the "SeqPrep" join method. The quality control was performed by QIIME, setting the phred_qua-lity_threshold to 19 (Phred ! Q20). Reads were collected into OTUs (with identity ! 97%) using QIIME closed reference otu picking strategy against reference QIIME formatted Greengenes v.13.8 database (http://greengenes.lbl.gov). The taxonomical classification was performed down to genus level. OTUs assigned to the phylum Cyanobacteria (class Chloroplast), were considered potential plant contaminants and removed from the downstream analysis. Reads of mitochondrial or eukaryotic origin were also excluded. Singletons (OTUs with only one read associated) were excluded using the "filter_otus_from_otu_table.py" QIIME script.
Alpha and beta diversity statistics have been performed using QIIME scripts 'alpha_rarefec-tion.py' and 'jackknifed_beta_diversity_.py', respectively. In the calculation of alpha diversity metrics, the normalization was performed using the "rarefaction" QIIME process with standard parameters setting the "max_rare_depth" (upper limit of rarefaction depths) to lowest sample size. Alpha diversity metrics were calculated using 'observed species', 'Chao1 index' (species richness estimator), 'Shannon's diversity index' and 'Good's coverage'. An alpha-rarefaction plot was created for each metric. The alpha diversity values at the same rarefaction level (at the lowest sample size) were calculated.
Beta diversity metrics is an estimation of between-sample diversity of microbial profile and it was calculated by QIIME 'jackknifed_beta_diversity_.py' script. This script performed a jackknife iterative resampling method to normalize data, using a subsampling at 75% of the lowest sample size. We used both weighted (presence/absence/abundance matrix) and unweighted (presence/absence matrix) UniFrac distances [52, 53] . The distance matrices were graphically visualized by three-dimensional PCoA representations.
Definition of the overall core community. Core microbiome analysis was performed in QIIME using the 'compute_core_microbiome.py' script. For this study the core microbiome was defined as the OTUs present in 80% of the samples regardless of diet.
Statistical analysis
Normality and homoscedasticity of all data were checked by Shapiro-Wilk's and Levene's test, respectively, using STATISTICA v.7 (StatSoft, Inc). One-way analysis of variance (ANOVA) was performed on growth performance, feed conversion and α-diversity data. Statistical significance was set at P-value < 0.05, and Fisher's Least Significant Difference (LSD) test was applied for multiple comparisons, when the overall ANOVA resulted significant.
The number of reads across samples was normalized by sample size and the relative abundance (%) of each taxon was calculated. Only those taxa with an overall abundance of more than 1% (up to family level) and 0.5% at genus level were considered for statistical analysis.
Statistical analysis of intestinal microbial profiles was performed using the Statistical Analysis of Metagenomics Profiles (STAMP) program (http://kiwi.cs.dal.ca/Software/STAMP), retaining unclassified reads [54] . P-values were calculated by ANOVA followed by Tukey-Kramer post-hoc test and correction of multiple testing was done using Benjamini-Hochberg False Discovery Rate (FDR) method [55] .
Differences in the beta diversity of bacterial communities were verified using the nonparametric Permutational Multivariate Analysis of Variance (PERMANOVA) and adonis tests with 999 permutations. Both tests were available with QIIME script 'compare_categories.py'. A "by diet" pairwise significance test was also performed. For each pairwise contrast a filtered distance matrix containing only the samples to be compared was created using the "filter_dis-tance_matrix.py" QIIME script, then a PERMANOVA significance test on each pairwise filtered matrix was performed using the "compare_categories.py" QIIME script.
Results

Growth and feed efficiency parameters of fish fed different diets
For the entire duration of the trial, mortality was negligible (< 1 percentage) and not correlated with a specific diet whereas final body weight data showed a diet effect (P < 0.05), revealing significant differences between experimental groups (Table 5) . Indeed, at the end of the 12-week feeding trial, mean body weight of fish fed with diets E (293.78 ± 51.30 g) and G (298.28 ± 48.24 g) was significantly higher than the weight of other groups (P < 0.05), whereas fish fed diet F reached a mean body weight similar to fish fed diet E (control), but significantly lower than that of the group G (P < 0.05). Among all feeding groups, fish fed diet A showed the lowest mean mass value (251.77 ± 41.90). In line with weight data, the best SGR were observed in fish fed diets E, F, and G. Fish receiving diet A, B and C presented, in contrast, the lowest values (P < 0.05) ( Table 5) , whereas fish fed diet D showed an intermediate SGR value. Fish fed diets E, F, and G were better able to utilize energy for growth, too, as indicated by their lower FCR values (P < 0.05), which were 0.89, 0.91, and 0.89, respectively (Table 5) . Trout fed diets A, B, and C showed, instead, the highest FCR values whereas fish fed diet D were positioned in between. Conversely, condition factor (K), that was calculated considering the entire experimental period (12 weeks), did not resulted significantly affected by diet (Table 5) . Table 5 . Final mean body weight, specific growth rate (SGR), feed conversion ratio (FCR), and condition factor (K) values of trout fed with different diets. The final weight data represent mean value ± SD (n = 220 fish per diet). Different letters indicate statistically significant difference between groups (P<0.05).
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QIIME analysis of sequencing data
Sequencing data were exported as individual fastq files and has been deposited in European Nucleotide Archive (EBI ENA) under the accession code: PRJEB23230. The sequence fastq files from the Illumina MiSeq were analysed using QIIME software. After filtering for quality, trimming length, and assigning taxonomies, the number of reads taxonomically classified according to the Greengenes database, discarding cyanobacteria and mitochondria reads, was 2,701,274. This value corresponded to an average number of 96,474 ± 68,056 reads per sample (range 5,573-283,511). We identified 5398 OTUs at 97% identity in trout faecal samples, of which 3304 were assigned to the genus level (S1 Dataset). After rarefaction, normalizing to the sample with the lowest number of sequences (5570 reads), the observed species number per sample was comprised between 113 and 682, corresponding to average counts per group comprised between 270 and 496 (Table 6 ). Good's coverage values for all dietary groups were ! 0.96, indicating that sequencing coverage was attained and that the OTUs found in the samples were representative of the sampled population (Table 6 ). All the rarefaction curves, tended to plateau (S1 Fig). The number of observed species as well as the species richness index (Chao1) resulted not affected by diet type (Table 6) . Similarly, Shannon's diversity index, which accounts for both abundance and evenness of the species present, did not show significant differences between the tested feeding regimens. It reached, instead, a stable value in all samples, indicating that bacterial diversity in these communities was mostly covered (S1 Fig; Table 6 ).
Faecal microbiome profiling of trout fed different diets
We successfully outlined the microbial community structures for each experimental group of fish at the phylum, class, order, family, and genus level. By considering only taxa with a relative abundance of more than 1% (up to family level), and more than 0.5% at genus level, the overall gut microbial community was mainly comprised of 7 phyla, 13 classes, 21 orders, 33 families and 41 genera. We have presented the profiles of intestinal microbial communities for each dietary group and individual fish at the phylum (Fig 1A and 1B) , family (Fig 2A and 2B) , and genus (Fig 3A and 3B ) taxonomic level. In Table 7 , is reported the relative abundance of all taxa that resulted significantly affected by diet. The result of post hoc multiple comparisons is shown in S1 Table. Irrespective of diet, the dominant phyla in our samples were Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria (Fig 1A and 1B) . A total of 211 OTUs constituted the core gut microbiota, i.e. OTUs that were shared by 80% of the samples irrespective of Table 6 . Number of reads per sample assigned to OTUs, and alpha diversity metrics values (normalized at the lowest sample size: 5570 sequences) of gut microbial community of trout fed with different diets for 12 weeks. Reported data are expressed as means ± SD (n = 4). Gut microbiome characterization in trout fed animal by-product meals as an alternative to fishmeal diet (S2 Fig, S2 Dataset) . Among them, 42 OTUs were common to 100% of samples, showing a dominance of Firmicutes (28 OTUs) (S2 Dataset). Results of metagenomic analysis of trout faecal samples revealed that, at phylum level, Fusobacteria and Bacteroidetes were influenced by the diet. Indeed, in trout fed diet D the relative abundance of Fusobacteria was significantly higher than in other groups (P > 0.05) (Fig 1A) . This was due to a significantly higher presence of bacteria assigned to Fusobacteriaceae family (7.58 ± 1.27%) of Fusobacteriales order (Fig 2A  and 2B ). Fish fed diets C and D had high amounts (P > 0.05) of bacteria belonging to Bacteroidia class (C: 12.28 ± 6.31%; D: 23.1 ± 4.04%). Specifically, trout fed these diets presented higher
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Fig 1. A, B. Relative abundance (%) of the overall most prevalent phyla in the different dietary groups (A) and in individual fish (B).
In the figures, all bacteria with an overall abundance of ! 1% were reported. Bacteria with an abundance of 1% were pooled and indicated as "Others".
https://doi.org/10.1371/journal.pone.0193652.g001
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Fig 2. A, B. Relative abundance (%) of the overall most prevalent classes in the different dietary groups (A) and in individual fish (B).
abundances of bacteria assigned to Porphyromonadaceae (C: 6.85 ± 3.53%; D: 12.46 ± 2.08%) and Bacteroidaceae (C: 5.33 ± 2.86%; D: 10.53 ± 1.98%) than other experimental groups (Fig  2A and 2B) . A high percentage of bacteria belonging to Bacteroidaceae (from 2 to 4%) was also present in fish fed diets A, B, F, and E (control). Conversely, this bacterial family was In the figures, all bacteria with an overall abundance of ! 0.5% were reported. Bacteria with an abundance of 0.5% were pooled and indicated as "Others".
https://doi.org/10.1371/journal.pone.0193652.g003 Table 7 . Mean relative abundance (%) ± SD of phyla, classes, orders, families and genera that were influenced by the diet. Statistical Analysis of Metagenomics Profiles (STAMP) software was used to test statistical significance between taxonomic groups abundances, unclassified reads were retained only for calculating frequency profiles. One-way ANOVA (P < 0.05), with an effect size (ETA-squared) and multiple test correction using the Benjamini-Hochberg FDR method, was applied followed by Tukey-Kramer post-hoc test. The result of post hoc multiple comparisons is reported in supplementary S1 practically absent in the gut of fish fed with diet G (0.03 ± 0.02). Similarly, Porphyromonadaceae family was scarcely represented (P < 0.05) in the gut of fish receiving diets F (0.48 ± 0.24%) and G (0.10 ± 0.10%) (Fig 2A and 2B) . Several taxa belonging to Firmicutes and Proteobacteria phyla differed quantitatively between groups, thus resulting discriminatory for diet type. The Enterococcaceae family of the Lactobacillales order was significantly enriched (P < 0.001) in fish fed diet F (3.36 ± 0.48%) in comparison to other feeding groups (Fig 2A  and 2B) . Similarly, in the same dietary group, bacteria from Erysipelotrichaceae were more abundant (5.77 ± 2.30%) than in others (P < 0.001). Fish fed diets A, C, D, F, and control diet E showed a significantly higher amount of Streptococcaceae (from 14% to 20%) than fish of group G (0.6 ± 0.41%). Interestingly, the relative abundance of bacteria assigned to the [Tissierellaceae] family of the Clostridia class, was significantly higher in fish receiving diets with high content of plant proteins, i.e. diets A, C, and D (Table 1 , Fig 2A and 2B) , whereas bacteria corresponding to the Clostridia class were less abundant or almost absent in the gut of fish fed diets F (1.80 ± 0.23%) and G (0.58 ± 0.44%), which contained high levels of animal proteins, mainly PBM (Table 1) . Contrariwise, fish fed diets rich in PBM were characterized by a higher abundance of bacteria assigned to Proteobacteria phylum (Fig 1A and 1B) . This phylum constituted 34.04 ± 7.76% and 47.44 ± 32.28% of the entire intestinal microbiome of trout fed with diets F and G respectively. Specifically, Enterobacteriaceae, Xanthomonadaceae, and Pseudomonadaceae families of the γ-Proteobacteria class were enriched in the intestine of fish fed diet F (Fig 2A and 2B) .
At genus level (Fig 3A and 3B ) the percentage of unassigned sequences was remarkable, in particular for fish of groups B (64.93%) and G (30.58%). Nevertheless, by considering the samples in their entirety, forty-one genera were identified. Of these, twenty-four genera belonged to Firmicutes phylum, eleven to Proteobacteria, three to Bacteroidetes, two to Actinobacteria, and only one genus belonged to Actinobacteria (Fig 3A and 3B) . Among Firmicutes, the most abundant genera identified in all fish, except for those fed diet G, were Streptococcus, Lactobacillus, Peptostreptococcus, and Peptoniphilus. The latter, a member of Clostridiales order, was more abundant (P > 0.05) in faecal samples of trout receiving diets A (5.20 ± 2.71%), C (5.97 ± 3.34%), and D (6.34 ± 1.26%). Genus Lactococcus was enriched (P < 0.001) in fish fed with diets E (6.07 ± 2.43) and F (7.79 ± 1.44). Besides Lactococcus, other two genera of Lactobacillales order, i.e. Vagococcus (2.59 ± 0.35%) and Enterococcus (0.5 ± 0.19%), were more abundant in F than in other dietary groups. The Proteobacteria phylum was mainly represented by the genera Proteus and Pasteurella (Fig 3A and 3B ), which were, together with Wohlfahrtiimonas genus, significantly affected by diet. In fish fed diet G, several Proteobacteria were identified in the gut, but they belonged to different genera such as: Vibrio (15.84%), unclassified Aeromonadaceae (10.53%), and Rhodobacter (3.79%) (Fig 3A and 3B) . Bacteria from Vibrio genus were also found in faecal samples of diet F fed trout in which they represented about Gut microbiome characterization in trout fed animal by-product meals as an alternative to fishmeal 4.0%. In addition, trout fed with diet E and F showed a high abundance of genus Shewanella, amounting to 8.77% and 6.77%, respectively (Fig 3A) . Fish of group E also had a relatively high percentage of bacteria from Acinetobacter genus (Fig 3A and 3B) . The phylum Actinobacteria was mainly represented by genera Propionibacterium and Corynebacterium. Corynebacterium genus resulted more abundant (P < 0.05) in fish fed diet D (1.71 ± 0.37) in comparison to other groups. Within Bacteriodetes phylum, Bacteroides, Porphyromonas and Myroides were the most abundant genera observed in our samples, and fish fed with diets C, D, and E generally showed the higher percentage (P < 0.05) of these genera in comparison to other groups (Table 7) . Finally, Mycoplasma genus (Fig 3B) was identified in all samples, but in much lower quantities in fish fed with diets D, F and control diet E.
Principal coordinate analysis (PCoA) of intestinal bacterial communities QIIME pipeline was used to compute microbial beta diversity metrics; both weighted and unweighted UniFrac analyses were performed (Fig 4A and 4B) . Data of UniFrac matrices were projected onto three-dimensional plots using principal coordinates analysis (PCoA). Weighted PCoA showed that most of samples were broadly indistinguishable and clustered together except for fish D and F which clustered according to diet (Fig 4A) . Conversely, diet definitely affected unweighted UniFrac. Indeed, unweighted UniFrac PCoA revealed a clear clustering of samples by diet (Fig 4B) . High animal-to-animal variation was observed in the group G, whose individual microbiomes appeared, indeed, to be more widely distributed on the first principal coordinate PC1 (14.16%). The statistical analysis (permutation multivariate analysis PERMANOVA and Adonis test) totally reflected PCoA plots results, indicating a significant divergence between groups for both weighted (P = 0.002; R 2 = 0.45; Pseudo-F = 2.82) and unweighted (P = 0.001; R 2 = 0.33;
Pseudo-F = 1.74) UniFrac distance matrices (Table 8) . Pairwise test on the weighted UniFrac data showed that only fish fed diet D significantly diverged (P < 0.05) from all other groups, while fish fed with diet F was similar only to control group E ( Table 8) . Result of pairwise test on unweighted UniFrac data revealed, that samples clustered in three distinct groups, one constituted by A, B, C and D samples, one by F and control E, and the last by samples G (P < 0.05) ( Table 8) .
Discussion
Animal by-product meals from the rendering industry could be the most promising and suitable alternative to FM ingredients in aquaculture practice [19] due to their high content of essential amino acids and water-soluble proteins [16] . To date, several data are available on the effect of animal by-product meals on fish growth performances [16, 17, 27, 45, [56] [57] [58] , but still very few studies have been conducted on their effect on fish gut microbiota [45, 59, 60] . Therefore, the information obtained in this study on the effects of substitution of FM with animal by-product meals on both, fish growth performance and intestinal microbiota biodiversity, represents a contribution to our knowledge. During the feeding trial, trout survival rate was over 99% in all groups and no disease outbreaks occurred. Despite this, a clear diet effect was observed on fish growth. Indeed, trout fed commercial diets F and G grew as well as fish fed diet E (control) that was rich in FM (37.3%) and PBM free. The same fish displayed the best FCR and SGR values, too. These formulations were characterized by the highest content in animal proteins, of which PBM constituted the majority, whereas FM accounted for only 20% and 11%, respectively. Our findings are in agreement with previous studies conducted on rainbow trout [16, 17, 56, 61] and other fish species, such as largemouth black bass (Micropterus salmoides) [62] , hybrid striped bass (Morone [57, 58] , cobia (Rachycentron canadum) [63] and Atlantic salmon (Salmo salar) [18] . In these species, good results in terms of growth rate were reported when PBM was used to replace FM in the diet. In particular, in Atlantic salmon, a test diet with 20% of FM replaced by PBM did not affect weight gain, feed intake and FCR with respect to a FMbased diet [18] . Similarly, in rainbow trout, a 30% replacement of FM with PBM yielded growth performances indexes comparable to those of fish fed with a FM-based control diet [61] . Burr and colleagues [16] reported that FM levels in rainbow trout feeds could be reduced to 10% without affecting fish growth if blends of animal and plant proteins are used. Always in trout [17] , even a total substitution of FM with PBM, led to a high protein retention without apparent effects on growth. Contrariwise, Asian seabass (Lates calcarifer) fed a diet based on a mix of animal and plant proteins with FM inclusion rate reduced to 6%, showed a higher FCR value than control fish fed with a FM-based diet [45] . An increase in FCR was also found in Coho salmon (Oncorhynchus kisutch), when PBM was the primary protein-providing ingredient [64] .
In terms of growth and feeding efficiency parameters, A and B definitely proved to be the worst formulations among all diets tested in the present feeding trial, followed by diet C. Better growth and feeding performances were obtained in fish receiving diet D, though their growth parameters were significantly lower than the control group E. The reduced growth rate observed in these trout was not due to an amino acid deficiency or imbalanced levels of essential amino acid (EAA). Indeed, despite varying proportion of different dietary protein sources, the amino acid profile was quite similar among experimental diets and the EAA levels exceeded the estimated EAA requirements for rainbow trout [15] . In fact, compared to control diet E, the content of EAA (such as Lys, Met and Thr) was 80% or above for all the diets. The amount and proportion of different fatty acids in the diet are important issues, too. In rainbow trout, it has been proved by time that n-3 fatty acids are essential for good growth and survival [65, 66] , and the substitution of FM with alternative terrestrial animal or plant proteins could alter the dietary n-3:n-6 fatty acid ratio. Actually, diets C and D, which were characterized by high vegetable and PBM inclusion, and low FM and fish oil content, showed clear differences in terms of fatty acids composition. In comparison to other formulations, C and D diets contained a higher amount of linoleic acid (18:2n-6), a lower content of eicosapentaenoic acid (EPA) (20:5n-3) and docosahexaenoic acid (DHA) (22:6n-3) and consequently, a lower n-3:n-6 fatty acid ratio. Although the n-3 LC-PUFA requirement for trout is low (0.4-0.5%) [15, 67] and it was fulfilled by diets C and D, dietary levels of EPA + DHA, as well as those of linoleic acid could have affected fish growth performances. Indeed, reduced growth rates were observed in trout receiving diets containing high concentration of linoleic acid (18:2n-6) (5% of diet) [68] , whereas in salmon, better performances were obtained with dietary EPA + DHA levels between 2.7 and 3.4% of total fatty acids [69] and concentrations of linoleic acid (18:2n-6) lower than 1% [64] . However, beyond the AA and FA profiles, several other factors could be responsible of the reduced fish growth including nutrient digestibility and antinutritional factors. In this regard, a recent study reported that salmon fed a diet with a mix of soy protein concentrate (30%) and poultry meal (6%) or a diet with 58% poultry meal showed reduced apparent digestibility of crude protein, amino acids, and lipids as compared to fish receiving FM-based diet [70] . Moreover, the same study showed that certain plant protein ingredients, such as soybean meal and soy protein concentrate, increased faecal water content in the distal intestine creating a diarrhoea-like condition that impaired gut function and reduced fish growth. Even more interesting were the results obtained from our metagenomic analysis. Up to date, several studies have used cutting edge technologies, such as NGS, to evaluate the effect of substitution of FM with plant proteins on fish intestinal microbiota [43, 44, [71] [72] [73] . However, to the best of our knowledge, the present study is one of the very few researches to have investigated the effects of a diet with alternative terrestrial animal protein sources on fish gut microbiome [45, 59, 60] and the first one in rainbow trout. We analysed trout intestinal microbiome was by means of Illumina MiSeq sequencing of 16S rRNA gene. Fish used in our research were all female, obtained from a single supplier and grown under the same environmental conditions of an aquaculture facility, thereby limiting the variations due to environment and sex. Although diet is one of the main factors affecting the intestinal microbial composition of vertebrates, including fish, gut microbiota is also affected by fish developmental stage, gender, and farming conditions [28, 74, 75] .
In line with previous studies on rainbow trout, our results indicated that gut microbiota of this species was dominated by Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria taxa. These phyla usually constitute the "core gut microbiota" of rainbow trout regardless of the diet type [37, 38, 43, 44, 71, 74] . Actually, Proteobacteria, Firmicutes, and Bacteroidetes represent up to 90% of fish intestinal microbiota in different marine and freshwater species [40, 45, 76, 77] . The presence of similar bacterial taxa in the gut microbiota of multiple fish species indicates that these bacteria are involved in important host gut functions, such as digestion, nutrient absorption, and immune response [37] . However, recent studies reported that Tenericutes were the prominent phylum, being Mycoplasma the dominant genus in the distal intestinal microbiome of rainbow trout [73, 78] . In our study, Mycoplasma was detected in all samples, but the quantification was often several magnitudes lower than the other genera examined. As suggested by Harviksen et al. [60] it may be due to the difficulty in extracting DNA from bacteria with no cell wall.
The number of reads per sample did not differ between groups and no overall effect on bacterial richness and diversity was observed in response FM substitution with different protein blends. Similarly, replacing FM with a mix of terrestrial animal and plant proteins did not induce significant changes in gut microbial richness, alpha diversity indices, and observed number of species in Asian seabass (Lates calcarifer) [45] . In salmon, instead, the observed species parameter of alpha diversity metric presented higher value in fish fed poultry meal-based diet than in fish fed a control FM-based diet, whereas, in agreement with our study, Shannon's diversity index did not show significant differences between dietary groups [59] . The lack of an effect on bacterial diversity should be considered as a positive result since the reduction in diversity may provide less competition for opportunistic or invading pathogens, which could thus easily colonize the gastrointestinal tract of fish [45] .
Although all the rainbow trout used in this nutritional study showed similar intestinal bacterial communities, the relative abundance of several taxa displayed a significant statistical interaction with the diet. Both weight and unweighted UniFrac PCoA of bacterial communities revealed a relationship between diet type and microbiota associated to fish intestine, showing clustering of samples by diet, especially in the PCoA plot of the unweighted UniFrac data. However, some groups showed greater dispersion than others did. This was an expected result given that large individual variations even between fish of similar genetic background fed with the same diet and maintained under the same environmental conditions, has been described in previous reports [42, 44, 79] .
Several studies have demonstrated the impact of marine versus terrestrial plant-derived ingredients on gut microbiota of rainbow trout [11, 38, 43, 44] . These studies revealed that plant ingredients in the diet were often associated with a higher Firmicutes:Proteobacteria ratio in comparison to FM-based diet, which favoured instead, the presence of Proteobacteria. The inclusion of at least 25% of plant proteins in the diet of our fish favoured the presence of genera from the Firmicutes phylum regardless of the content level of animal proteins. Conversely, gut microbiota of fish fed diet G, with the lowest plant protein percentage (20%) and the highest content of animal proteins (80%), was found to be rich in γ-Proteobacteria. Similarly, previous studies in trout reported that the presence of Proteobacteria was favoured by an animal protein-based diet [38, 43, 44] . Different genera of lactic acid bacteria such as Streptococcus, Lactobacillus, Leuconostoc, and Carnobacterium belonging to Firmicutes, constitute a normal part of the intestinal microbiota of fish and are generally considered beneficial microorganisms associated with a healthy intestinal epithelium [80, 81] . These bacterial genera, indeed, were used as probiotics for fish as well as for other vertebrates [82] [83] [84] [85] . Several genera belonging to Lactobacillales and Clostridiales, orders were significantly affected by feeding formulations tested in our study. This was in line with recent literature data reporting that, although the microbiota composition of cultured rainbow trout was very resistant to diet changes, dietary variations were associated with changes in the relative abundance of Lactobacillaceae, Streptococcaceae, Staphylococcaceae, and Clostridiales [71] . In particular, the relative abundance of bacteria belonging to Streptococcaceae, Enterococcaceae, [Tissierellaceae] , and Carnobacteriaceae families varied between our feeding groups. Lactobacillales order was highly represented in the intestine of trout fed diet E (control) and F as well as in fish fed diets A, C, and D. Conversely, bacteria belonging to this order were present, to a lesser extent, in faecal samples of fish fed with diets B and G. Similarly, digesta (faecal) samples of Atlantic salmon fed a diet containing soy protein concentrate (30%) and poultry meal (6%), as partial replacements of FM, presented significantly higher abundance of Lactobacillales genera Streptococccus, Carnobacterium, and Lactococcus [59] . In the same study, in accordance with our results, fish fed with a high percentage of poultry meal (58%) showed higher abundance of γ-Proteobacteria. In a previous study, in salmon, PBM inclusion led instead to a significant increase of Corynebacteriaceae and a significant decrease of β-Proteobacteria, Bacilli-like, Streptococcaceae, and Peptostreptococcacea in allochthonous bacterial community in comparison to a FM-based control group, whereas in autochthonous community, dietary PBM caused an increase in Corynebacteriaceae and Streptococcaceae [60] . In our study, we found a significant enrichment of Corynebacteriaceae family, represented by genus Corynebacterium, only in trout fed with diet D. It is interestingly to note that intestinal microbiome of group B, which showed the worst performances in terms of growth and feeding efficiency, was characterized not only by scarce amount of lactic acid bacteria but also by low abundance of bacteria assigned to Clostridiales. These differences could partly explain the poor growth performances observed in this fish group. In European sea bass (Dicentrarchus labrax), for example, changes in the composition of cecal microbiota deeply influenced weight gain, suggesting the involvement of bacterial community in energy harvesting from feed [86] . Actually, members of Streptococcaceae, Lactobacillaceae, Enterobacteriacea and [Tissierellaceae] families include several bacterial species that participate to anaerobic degradation of complex carbohydrates. The end products of such degradation are short chain fatty acids (SCFAs), which are then readily absorbed by the host thus contributing to the more efficient food energy utilization [87] [88] [89] [90] .
Fusobacterium genus was enriched in the intestine of trout fed diet D in comparison to all other dietary groups. It is known that bacteria belonging to Fusobacteria phylum can excrete butyrate [91] and synthesize vitamins [81] . Among the SCFAs, butyrate is considered the most important due to its numerous positive and well-documented effects on the health of intestinal tract and peripheral tissues in vertebrates [87, [92] [93] [94] . Butyrate has, indeed, anti-inflammatory properties and the potential to stimulate the immune system [95] [96] [97] [98] [99] . For these reasons, we hypothesized that the intestinal presence of Fusobacterium could exert a beneficial effect on fish health. Actually, trout fed on diet D grew well and showed good feed efficiency parameters, although FM content in their diet was only at 11%. Therefore, a positive effect due to their gut microbiota composition could be reasonably hypothesised. These data represent a contribution if we consider that up to date, no other studies have established which are the microbial taxa that play a dominant role in SCFAs production in fish. Moreover, if we limit the comparison between gut microbiota only to groups G and F (trout fed the two formulations with the highest percentage of animal by-product meals), an adequate number (above 0.5%) of bacterial genera assigned to Carnobacteriaceae, Streptococcaceae, and Enterococcaceae families were found only in trout fed with diet F. Unweighted UniFrac PCoA analysis clearly showed that intestinal microbiome profile of fish fed diet F was more similar to that of control fish (diet E) than to other groups. This is a promising and encouraging result toward the use of animal byproduct meals in aquaculture. On the other hand, although the severely reduced amount of Lactobacillales in fish fed diet G did not negatively affect SGR and FCR, it could have influenced the susceptibility to pathogens or opportunistic bacterial species. Indeed, microbiota of this group was dominated by γ-Proteobacteria, mainly represented by members belonging to Aeromonadales and Vibrionales orders, which include potential pathogen genera, such as Photobacterium and Aeromonas. Furthermore, the presence in the same fish group of an imbalanced microbiota, in which Proteobacteria phylum represented the dominant clade, could alter immune regulatory functions of the gut and contribute to development of diseases [100] .
Conclusions
In summary, taken together, our data revealed that animal by-product meals, particularly PBM, could be a valid alternative protein source for aquafeed production. These ingredients do not negatively affect fish growth performances, but rather could reduce the negative impacts of high inclusion rates of dietary plant proteins on fish growth. Adding PBM to trout diet introduced no changes in the total microbial diversity or richness. Changes to the intestinal microbiome composition that we found were actually due to the ratio between vegetable and animal proteins regardless of the animal proteins sources. In particular, intestinal abundance of specific taxa belonging to Firmicutes and Proteobacteria was discriminatory for diet type in trout. Among tested diets, formulation D provided the best results in terms of percentage of FM replacement, growth performance, and intestinal microbiota composition, whereas experimental feed B and commercial feed G had an adverse effect on the gut microbial community by reducing the abundance of Lactobacillales. By manipulating fish diet, it is possible to obtain positive effects on the composition of gut microbiota and, hence, on the host's physiology. However, further experiments are needed to elucidate which are the feed ingredients that have the highest impact on the gut microbiota changes. 
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